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Abstrat
In this work we experimentally study the behavior of a freely-rotating asymmetri probe immersed
in a vibrated granular medium. For a wide variety of vibration onditions the probe exhibits
a steady rotation whose diretion is onstant with respet to the asymmetry. By hanging the
vibration amplitude and by ltering the noise in dierent frequeny bands we show that the veloity
of rotation does not depend only on the RMS aeleration Γ, but also on the amount of energy
provided to two separate frequeny bands whih are revealed to be important for the dynamis of
the granular medium: the rst band governs the transfer of energy from the grains to the probe,
and the seond aets the dynamis by altering the visosity of the vibro-uidized material.
PACS numbers: 45.70.-n, 05.40.-a, 05.70.Ln
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Exploiting spontaneous motion for produing energy has been a long standing dream, the
impossibility of whih in equilibrium systems was denitively established with the advent
of thermodynamis showing that perpetuum mobile of the seond kind is ontrary to the
seond priniple for any losed system. At the mirosopi level this onlusion relies on
moleular haos as disussed by Smoluhowski and Feynman [1, 2℄, though the laws of
thermodynamis do not prevent the possibility of extrating work from systems that are
isothermi and in a stationary state but not at equilibrium. Suh a state would require some
sort of spontaneous symmetry breaking and onstitutes the subjet of Brownian motors [1℄.
Experimental realizations, generally named thermal rathets, have been reently studied in
dierent situations, ranging from the nano to the miro sale [3, 4℄. Marosopi realizations
have been developed in the eld of granular media (GM) [5, 6℄, a eld of great relevane
both in applied siene, for their industrial relevane, and in theory, for their hallenging
properties and behavior [7℄. Stritly speaking granular systems are athermal sine the motion
of the elementary onstituents of the medium, the grains, is not aeted by the ambient
temperature. It may therefore seem ontraditory to speak of thermal rathets; however
grains may gain kineti energy by external mehanial perturbations, and so be asribed a
'temperature' dened by their motion [8℄, yet never reah equilibrium beause of the presene
of inelasti ollisions and frition. Therefore, GMs an be used to implement marosopi
realizations of thermal rathets, both experimentally [5, 6, 9℄ and theoretially [13, 14, 15℄.
The experimental realizations ited above were prinipally targeted towards the observa-
tion of spontaneous olletive oriented motion of the grains, whereas in this work we wish
to fous on the spontaneous motion of an external asymmetri intruder in the absene of
any olletive granular motion. Numerial simulations have demonstrated that suh a phe-
nomenon is possible [14℄. We present novel results showing that the haoti granular motion
an indeed propel the asymmetri probe in a persistent diretion. More speially, the
immersed asymmetri probe, under suitable onditions of uidization and visosity, exhibits
onsistent and signiant motion in a onstant diretion with respet to its asymmetry.
Under dierent onditions the system an exhibit olletive motion of the grains (e.g. on-
vetion); however in these ases the symmetry breaking is performed by the GM and so the
diretion of asymmetry of the probe is irrelevant.
The main omponents of the experimental apparatus are the granular medium, the shaker
and the probe as shown in Fig. 1. The signal to the shaker is supplied by a funtion generator
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Figure 1: Example of the symmetri and asymmetri probes used (a). The probe is attahed to a
freely-rotating support (b) and is inserted into a beaker () ontaining the beads. The beaker is
vibrated by a shaker (d) (Bruel & Kjaer type 4809) and the instantaneous angular position of the
probe is registered by a rotary enoder (e) with resolution 1/500◦.
and is amplied and ltered with an eieny of 22− 23 db/oct. The vibration was applied
in the range from 10 to 1000 Hz and the system aeleration (0 < Γ < 4, normalized to
gravity g) is measured by an aelerometer xed to the vibrating stage of the shaker. The
probes, eah 3 m tall, are immersed to a depth H in the GM (glass beads of diameter
2mm± 10 %) whih approximately half-lls a beaker, 90mm diameter and 120mm tall.
It is well known that when a GM is shaken with a periodi signal, a wide range of oherent
motions an arise [16℄. Generally speaking, suh motions are due to a dynami symmetry
breaking in the system [6℄ and vary from the presene of isolated and disontinuous olletive
movements of a minority of beads to major eets like inlination of the surfae or formation
of a single vortex in whih the entire GM rotates. In our system these oherent motions
typially arise when the shaker is exited by a pure square or sine wave in a range of
frequenies up to about 150− 200Hz. For example, well dened internal onvetive motion
was observed whih aused the probe to rotate until it stops at a spei angle, irrespetive
of the starting point. Alternatively, in the presene of vorties the probe was seen to rotate
indenitely in a onstant diretion at roughly a onstant veloity, with no dependene on
either the presene or the diretion of the probe asymmetry - the probe learly follows the
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marosopi olletive motion of the granular material. However, above 200 Hz or with
white noise exitation, only haoti motion of beads was observed with no olletive eet,
while over 1000Hz the granular material seems no longer to respond to the agitation even
for Γ≫ 1. Hene white noise was applied to the shaker in order to eliminate any onvetive
or olletive motion of the GM, and this allows us to apply energy also below 200Hz without
triggering olletive motion. The use of non-periodi signals requires a orret denition of
Γ [8℄:
Γ =
√
2 〈z¨2 (t)〉
g
=
√
2
〈
ζ¨2 (ν)
〉
g
, (1)
in whih z¨ (t) is the instantaneous aeleration of the granular ontainer and 〈. . . 〉 is a time
average. Γ is also expressed as a funtion of the Power Spetral Density (PSD) where ζ¨ (ν) is
the Fourier transform of z¨(t). Equation (1) redues to the usual denition of Γ for sinusoidal
exitations. Other denitions also exist whih redue to the usual Γ for periodi signals,
however the above hoie is motivated by the fat that Eq. (1) is proportional to the overall
energy provided to the granular medium, and furthermore that it yields the value Γ = 1 at
an evident transition point in our experiments (this transition is also observed at a alulated
value of Γ = 1 with pure sinusoidal exitation).
Using white noise in a large enough frequeny range eliminates onvetive motions and
the granular exhibits a uniform and homogeneous behavior. Under these onditions it may
be expeted that no net rotation of the probe would be observed due to the random nature
of the ation of the granular material on the probe surfae. Contrarily, however, there is
an almost regular rotation of the probe when Γ > 1, the diretion of whih depends on
the orientation of the probe asymmetry. No net rotation was observed using the symmetri
probes. The response of the probe at various exitation intensities and frequeny ranges has
been studied with the observation that the probe veloity is dependent on the upper and
lower frequeny limits of the shaking signal. The probe immersion depth H into the GM
has also been varied.
Figure 2 presents a general result illustrating the asymmetry-dependent mean rotation
veloity 〈ω〉 of the probe as a funtion of the vibration intensity Γ. Below Γ = 1 the veloity
〈ω〉 = 0. There is a lear transition at Γ = 1 at whih point ω initially inreases rapidly
before reahing an asymptoti value whih is dependent on the probe used (e.g. probes with
4 teeth rotate faster than those with 2), and the diretion of its asymmetry - inverting
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Figure 2: Probe average veloity as a funtion of the shaking aeleration for the 2 and 4 teeth
asymmetri probes (numbered 1 to 4 as in g. 1). The vibration signal is white noise ltered in the
range 15 − 300Hz. Inset: Average rotation veloity ω as a funtion of the immersion depth H of
the probe at Γ = 2. At H = 3 cm the probe is fully immersed in the medium.
the probe asymmetry results in a simple inversion of ω. Notably, symmetri probes show
〈ω〉 = 0 ∀ Γ.
In the inset to Fig. 2 the average veloity of the probe for various immersion depths H
of the probe into the granular material is shown. For small H < 1 cm there is no rotation
and we assume that the ation of the GM on the probe is insuient to overome frition
in the support.
Inreasing H auses the probe surfae to engage more ompletely with the GM, and the
veloity inreases roughly linearly until H ≃ 2.5 cm. At this point the probe is almost
fully immersed in the medium and the veloity reahes a brief plateau. Further immersion
H > 3 cm auses the rotation veloity to fall quikly to 0. This behavior suggests that the
region of the GM whih applies the spontaneous torque to the probe is lose to the surfae.
By hanging the intensity and the frequeny range of the applied white noise it may be
seen that the behavior of the system is prinipally determined by the energy provided in two
major frequeny bands. We onsider a rst series of experiments in whih we apply a single
frequeny band to the GM by applying a band-pass lter to white noise from f1 to f2 Hz.
Firstly by altering 15 < f1 < 60Hz with xed f2 = 300Hz then by xing f1 = 15Hz and
altering 300 < f2 < 900Hz. As the frequeny band is widened, the overall energy provided
to the system would inrease; to investigate therefore only the hange in frequeny, the signal
intensity is redued in order to maintain a onstant overall energy input, proportional to Γ
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(the probe behaves similar to Fig. 2 as a funtion of Γ).
For dierent f1 and xed Γ the probe approahes a dierent asymptoti value. Figure 3
displays this asymptoti value of the mean probe angular veloity 〈ω〉 (taken at Γ = 4)
as a funtion of f1, the lower band-pass uto. It is lear that the 〈ω〉 dereases slowly
from f1 = 15 Hz to f1 = 30 Hz, from 30 to 40 Hz there is a jump whih orresponds to
an absorption peak in the apparatus response funtion [20℄, due to the granular material
eiently absorbing energy from the vibration and so mobilizing the probe. For f1 >
40 Hz 〈ω〉 ontinues to derease slowly. Importantly, this jump between 30 and 40 Hz is
independent of the value of the higher ut-o frequeny f2 (in this example xed at 300Hz,
though xed at up to 900Hz is other experiments). Thus we onlude that the frequeny
band from roughly 30 to 40Hz is ruial to generating motion of the probe.
We now x f1 = 15 Hz and inrease the upper band-pass uto frequeny 300 < f2 <
900Hz, still maintaining a onstant overall energy input by reduing the signal amplitude as
neessary, as shematized in the inset to Fig. 4(a). The main Fig. 4 demonstrates that the
mean veloity atually dereases as the frequeny band is widened (blak irles). This may
seem ontrary to Fig. 2 but in fat is a diret onsequene of Eq. (1) and the redution in
signal intensity, speially in the 30−40Hz band, whih is required to maintain a onstant
Γ. In fat, if one divides the veloity obtained by the amplitude applied (relative to that
with f2 = 300 Hz), one obtains an almost onstant veloity (green triangles), indiating
linearity of ω with γ.
To overome this eet, we onsider a nal series of experiments in whih the amplitude
of the signal sent to the shaker is kept onstant. In order to supply suient energy in
the bands whih interested us (15 − 60 Hz and 200 − 900 Hz), it was neessary to apply
a band-rejet from 60 to 200Hz; the spetrum applied to the shaker is shematized in the
inset to Fig. 4(b). In this manner a onstant energy input in the lower band is maintained
while the upper band an be independently widened.
In Fig. 4 we show the variation of the asymptoti probe veloity as the upper band is
widened from 300 to 900Hz (blue ×). The veloity is seen to inrease only slightly despite
the large inrease in the band width.
When taken together with the observation that motion eases when energy is removed
from the lower-band irrespetive of the upper band, then the logial onlusion is that the
upper frequeny band is not responsible for the spontaneous torque ausing the rotation.
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Figure 3: The asymptoti value of the probe veloity (i.e., 〈ω〉 at Γ = 4) while varying the lower
uto f1 of the band-pass lter from 15 to 60 Hz, neessitating an inrease in the lter amplitude
in order to maintain a onstant Γ. The mean veloity dereases approximately proportional to f1
with a step between 30 and 40 Hz, oinident with the absorption peak in the response funtion.
The slight inrease in veloity, therefore, may be asribed to a redution in the visosity
of the GM; indeed we imagine a high-frequeny vibration merely weakening the ontats
between grains whih, however, remain aged in plae by their neighbors, whereas a low-
frequeny motion atually imparts marosopi motion to the grains. Suh a phenomenon
has already been observed in [8℄.
The visous torque Mg an be written as the produt of the probe visous oeient in
the GM νB and the probe veloity ω:
Mg = −νBω. (2)
where νB is expliitly dependent on the exitation band, and in fat is inversely proportional
to Γ [8℄:
νB =
a(PSD(f))
Γ
. (3)
where a(PSD(f)) is some funtion of the spetrum applied to the shaker.
Thus we infer that, when the lower ut-o is inreased, Γ is drastially redued, whih
both inreases the visosity, and redues the spontaneous torque F generated by the GM.
When the upper ut-o is inreased, however, Γ remains almost onstant but a derease in
visosity is observed due to the presene of the term a(PSD(f)) in Eq. (3).
In summary, the origin of the observed behavior an be traed bak to both the mehanial
absorption of the GM and its uidization. In the ase of Γ < 1 rotation does not our as the
GM is insuiently mobilized and maintains a high visous oeient νB. The redution
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Figure 4: The value of the probe veloity (measured at Γ = 4) while varying the upper uto f2 of
the band pass lter. This was performed both with a single band, maintaining the overall signal
energy by dereasing the amplitude as appropriate, and with a double-band at onstant amplitude
(see inset). In the rst ase, the veloity dereases (blak irles) displaying a linear behavior with
respet to the amplitude (green triangles). In the seond ase, inreasing 7-fold the energy in the
upper band produes only a slight inrease in the mean probe veloity (blue ×); this is in ontrast
to the result in Fig. 3 where a redution of approx. 15% resulted in a 75% redution in the veloity.
of νB with Γ > 1 onfers suient mobility to the probe and so rotation ours. It is lear
from Fig. 4 that a slight derease of νB, due to the widening band produes a slight inrease
in the probe veloity (blue urve).
During experimentation, the granular medium is learly seen to gain onsiderable freedom
near the top surfae and the beads losest to the faes of the probe tend to move away from
the probe, reahing zones of the granular surfae whih hinder less the probe rotation. In
doing so the beads leave the probe radially and, beause of the asymmetry, ontribute some
net momentum to the probe and trigger rotation. The gained momentum is smaller for the
faes parallel to the radii of the probe so the diretion of rotation is that in whih these
faes move ahead. This is onsistent with the observation that a ompletely immersed probe,
no longer in ontat with the top surfae, eases to rotate Fig. 2 (inset). In this respet
the results are dierent from those reported in [19℄ for the simulation of a Brownian motor
driven by bateria.
Given the results obtained above, the following equation of motion for the probe may be
written:
Iω˙ = F − R− νBω +N (4)
8
where I is the moment of inertia of the rotating elements (the probe, its support and any
dragged GM [10℄), F is the net torque exerted by the GM on the probe, R is the fritional
torque of the support, onsidered onstant, νBω represents the visous resistane torque due
to the granular [8, 17℄, and N is a noise term indiating utuations of F and is assumed
to have zero time average, 〈N(t)〉 = 0.
The main ahievement of the experiment reported here has been the experimental obser-
vation of the Brownian motor eet at a marosopi, cm, sale. The observations are in
general agreement with other works related to hydrodynami visosity [8, 17℄ and omputer
simulations [18℄. A harateristi mehanial resonane is found in the range 30 − 40 Hz,
similar to that found by numerial experiments [18℄ whih, when exited, triggers sponta-
neous rotation of the immersed asymmetri probe. Exitation at higher frequeny redues
the visosity of the GM, but does not in itself trigger rotation.
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